Introduction
Ex vivo generation of hematopoietic stem, progenitor and mature effector cells from pluripotent stem cells, such as induced pluripotent stem cells (iPSCs), are particularly interesting for medical use because such a technology would allow for the generation of either patient-specific autologous or 'off-the-shelf' allogeneic blood products for a wide range of transplantation and transfusion settings. Therefore, major efforts have been made over the past years to reliably and stably generate and expand sufficient numbers of hematopoietic stem cells (HSCs) from PSCs in vitro. Despite the significant progress made, HSCs capable of long-term, multilineage repopulation after transplantation have only been generated with mouse cells and only when the transcription factor HOXB4 was ectopically expressed [1] [2] [3] . HOXB4 belongs to the family of homeotic selector proteins encoded by homeobox (HOX) genes which are well known for their importance to confer positional information to cells and tissues during embryonic development and to control stem cell self-renewal and differentiation in the adult organism [4] . Human HOXB4, in particular, has repeatedly been demonstrated to enhance the hematopoietic potential of differentiating embryonic stem cells (ESCs) in vitro [1, 3, [5] [6] [7] [8] [9] and to mediate an expansion of adult HSCs of mice and humans [10] [11] [12] . However, the underlying mechanisms how HOXB4 mediates these valuable effects are still not understood very well, thus making it a challenging process to decipher the best conditions for translating the results from the mouse to the human system. Therefore, we focused on major cellular stages known to be important for hematopoietic development in vivo and evaluated whether HOXB4 interferes at those decision points during mouse ESC differentiation in vitro. During ontogeny, the first HSCs with multilineage reconstitution and long-term repopulation potential arise from major arteries [13, 14] . Adult-type, 'definitive' HSCs can first be detected on the ventral floor of the dorsal aorta in mice around embryonic day 10 (E10), in humans around E30 [15] [16] [17] [18] [19] [20] . Within the ventral endothelial lining of the Keywords HOXB4 · Runx1 · Hematopoietic stem cells · Pluripotent stem cells · Hemogenic endothelium Summary Background: The de novo generation of patient-specific hematopoietic stem and progenitor cells from induced pluripotent stem cells (iPSCs) has become a promising approach for cell replacement therapies in the future. However, efficient differentiation protocols for producing fully functional human hematopoietic stem cells are still missing. In the mouse model, ectopic expression of the human homeotic selector protein HOXB4 has been shown to enforce the development of hematopoietic stem cells (HSCs) in differentiating pluripotent stem cell cultures. However, the mechanism how HOXB4 mediates the formation of HSCs capable of long-term, multilineage repopulation after transplantation is not well understood yet. Methods: Using a mouse embryonic stem (ES) cell-based differentiation model, we asked whether retrovirally expressed HOXB4 induces the expression of Runx1/AML1, a gene whose expression is absolutely necessary for the formation of definitive, adult HSCs during embryonic development. Results: During ES cell differentiation, basal expression of Runx1 was observed in all cultures, irrespective of ectopic HOXB4 expression. However, only in those cultures ectopically expressing HOXB4, substantial amounts of hematopoietic progenitors were generated which exclusively displayed increased Runx1 expression. Conclusions: Our results strongly suggest that HOXB4 does not induce basal Runx1 expression but, instead, mediates an increase of Runx1 expression which appears to be a prerequisite for the formation of hematopoietic stem and progenitor cells.
aorta, hematopoietic stem and progenitor cells (HSPCs) are generated by so-called hemogenic endothelium (HE) cells. These specialized, hematopoiesis-primed endothelial cells undergo a process termed endothelial-to-hematopoietic transition (EHT) to become non-adherent, migratory hematopoietic cells [14, 21, 22] . The runt-related transcription factor 1 (RUNX1/AML1) is absolutely required for this process [23] as a homozygous deletion of the Runx1 gene is embryonically lethal at E12.5 due to the lack of HSC formation [24] .
In this work, we addressed the question whether ectopically expressed HOXB4 promotes Runx1 expression and, thereby the development of definitive HSCs. Employing cells of a Runx1-reporter ESC line [25] , we here demonstrate that HOXB4 mediated an increase of Runx1 expression in cells already expressing basal levels of this gene. This 'pulse' of Runx1 expression correlated with the formation of developmentally early CD41+ CD45+ hematopoietic cells.
Material and Methods
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Venus/+ mouse ESCs were transduced with retroviral vectors expressing a fluorescence protein (mPlum or tdTomato) alone or together with HOXB4 variants co-translationally separated from each other by a picornaviral 2A esterase [12] . Transduced cells were purified by flow cytometry-based cell sorting and grown on growth-arrested murine CF1-embryonic fibroblasts (MEFs) in knockout DMEM (Gibco, ThermoFisher Scientific, Grand Island, NY, USA) medium containing 15% ( v / v ) fetal calf serum, 2 mmol/l L-glutamine, 1.5 × 10 -4 mol/l monothioglycerol (MTG) (Sigma-Aldrich, Taufkirchen, Germany), pretested leukemia inhibitory factor, and 1% ( v / v ) penicillin/streptomycin. Embryoid body (EB) formation was performed in suspension after removal of MEFs by magnetic activated cell sorting (MACS; Feeder Removal MicroBeads mouse; Miltenyi Biotec, Bergisch-Gladbach, Germany). 5,000 ES cells/ml were plated in IMDM medium (Lonza, Switzerland), 15% ( v / v ) fetal calf serum, 5% ( v / v ) protein-free hybridoma medium II (Gibco), 2 mmol/l L-glutamine, 0.5% ( v / v ) penicillin/streptomycin (Sigma-Aldrich), 50 μg/ml ascorbic acid (Sigma Aldrich), 300 μg/ml iron-saturated transferrin (Sigma-Aldrich), and 4 × 10 -4 MTG. EBs were dissociated by 0.05% trypsin-EDTA treatment at 37 ° C for 2-5 min. Dissociated day 6 EBs were co-cultured on OP9 stroma cells in 10% fetal calf serum supplemented with mSCF, mTPO, hFlt-3L, and hVEGF (STFV [48] ) (PeproTech, Hamburg, Germany). Cells were grown at 37 ° C in 5% CO 2 in a humidified chamber.
Flow Cytometry and Microscopy
ESC-derived hematopoietic cells were analyzed by flow cytometry (FACS Aria III, BD Biosciences, Franklin Lakes, NJ, USA) using monoclonal, fluorochrome-conjugated antibodies directed against the surface markers CD41 and CD45 (CD41 (clone eBioMWReg30), CD45 (clone 30-F11); eBioscience, San Diego, CA, USA). Photos were taken using an Observer D1 microscope (Zeiss, Jena, Germany, filter: 46 HE YFP (BP 500/25, FT 515, BP 535/30). Axio Vision Software 4.8 was used for image processing (Zeiss).
Colony Assays
For colony formation assays, 500 ESC-derived hematopoietic cells each were placed in semisolid methylcellulose supplemented with rmSCF, rmIL-3, rhIL-6, and rhEpo (M3434 MethoCult; Stem Cell Technologies, Vancouver, BC, Canada) after purification by flow cytometry-based cell sorting and grown in 24 wells for 12 days at 37 ° C, 5% CO 2 atmosphere in a humidified chamber.
Results
To test whether HOXB4 influences Runx1 transcription, we utilized mouse ESCs carrying the coding sequence of the 'Venus' fluorescence protein under the control of the proximal P2 promoter of the Runx1 gene (Runx1 Venus/+ ) [25] . In these cells, we retrovirally expressed HOXB4 either in a constitutively active form (HOXB4 const ) or as a 4-hydroxytamoxifen(Tam)-inducible fusion protein consisting of HOXB4 and the hormone-binding domain of the estrogen receptor (HOXB4 ERT ) [5] , together with a fluorescent protein (mPlum or tdTomato) ( fig. 1A) . During differentiation as EBs for 6 days and subsequent co-culture on OP9 stromal cells, we periodically monitored Venus(Runx1) expression ( fig. 2 ) and the appearance of CD41+ and CD45+ hematopoietic progenitors ( fig. 3) . Within the first 6 days, a slightly lower proportion of Runx1+ or Flk1+ cells was observed in day 4-6 EBs ectopically expressing HOXB4 ( fig. 2, bottom row) . However, this was a variable effect most likely attributable to the known mutual interdependence of fibroblast growth factor (FGF) signaling and HOXB4 activity occasionally resulting in a slight delay of mesoderm specification [5] . During subsequent co-cultivation of dissociated day 6 EBs on OP9 cells, a small subpopulation displaying increased Runx1 expression levels was detected. This population was only present when HOXB4 was expressed (in average accounting for 14.8% of all Runx1+ cells) ( fig. 3B ) and contained almost all of the CD41+ and CD45+ hematopoietic progenitors ( fig. 3A, B) . In well accordance, Venus+ suspension clusters almost exclusively appeared in this group ( fig. 3C ) and were sparsely observed in the non-induced HOXB4 ERT controls (HOXB4 ERT without Tam) or in the Plum-transduced control population. To test if HOXB4 induces Runx1 expression in Runx1 neg cells or if a basal Runx1 expression is necessary for the observed increase, we purified both subpopulations from dissociated day 6 EBs (Runx1 neg , Runx1 int ) ( fig. 3, 4) . Noteworthy, we never detected a Runx1 hi subpopulation within EBs at this time point. After further 5 days of co-cultivation on OP9 cells, we again determined the presence of CD41+ and/or CD45+ hematopoietic progenitors. Only those cells expressing basal levels of Runx1 developed into hematopoietic cells which expressed increased levels of Runx1 and CD41 when HOXB4 was overexpressed, either constitutively ( fig. 4A , right panels, HOX const ) or after induction with 100 nmol/l tamoxifen post sorting ( fig. 4B,  HOXB4 ERT ). Noteworthy, increased HOXB4 expression tightly correlated with increased Runx1 expression ( fig. 4C ). To also functionally test which of these populations contained hematopoietic progenitor activities, we performed colony forming cell assays with the purified Runx1 int/neg and Runx1 hi cell populations. Only the Runx1 hi /CD41+ fraction contained substantial colony forming activities, including multipotent colony-forming units granulocyte, erythrocyte, monocyte/macrophage, megakaryocyte (CFU-GEMMs) ( fig. 5) . Thus, using the mouse ES/EB differentiation model our results strongly suggest that ectopic HOXB4 expression promotes hematopoietic development at least by mediating an increase of Runx1 expression in those cells which had previously initiated its expression at basal levels. The results also in- dicate that the process of endothelial-to-hematopoietic transition, which is a key maturation step during HSC development, is only triggered above a certain threshold of Runx1 expression.
Discussion
To date, the main developmental stage at which ectopically expressed HOXB4 promotes the development of definitive HSPCs from differentiating mouse pluripotent stem cells in vitro is not known. Because the transcription factor RUNX1 is absolutely essential for their development [26] , we here investigated whether HOXB4 regulates its expression, using cells of a Runx1 reporter ES cell line [25] . We demonstrated that ectopic HOXB4 expression mediated an increase in Runx1 expression in cells already expressing basal levels of Runx1. This was accompanied by the formation of suspension cells which displayed many hallmarks of hematopoietic cells, including the expression of the cell surface marker CD41 (integrin αIIb), the developmental earliest known marker of hematopoietic progenitors [27, 28] . These cells further matured towards CD41-CD45+ cells, an important criterion for definitive, adult HSCs. In previous work, we and others have repeatedly shown that such ES cell-derived hematopoietic cells mediate multilineage, longterm repopulation after in vivo transplantation in mice [2, 3, [5] [6] [7] .
Basal expression of Runx1 was a prerequisite for the observed increase mediated by HOXB4 in a subpopulation of those cells. Interestingly, increased Runx1 expression correlated well with higher expression levels of HOXB4, supporting the concept of dosage-dependent effects of this homeotic selector protein, as previously described [3, 11, 29] . In vivo, basal Runx1 expression has been shown to be a mandatory priming event for endothelial cells to become definitive HSCs, prior to their transition to suspension cells [30] . Our in vitro results indicate that only increased Runx1 expression triggers the process of EHT which represents a key and rate-limiting step in the formation of HSPCs. A tempting interpretation is that RUNX1 protein needs to exceed a certain threshold concentration to initiate EHT. Whether or not this also holds true for the formation of HSPCs from HE cells in the dorsal aorta in vivo is still unclear. There is some evidence that this may be the case, though [31, 32] .
Transcription of the Runx1 locus is controlled by two promoters: the proximal P2 promoter which controls basal, broad expression and a distal P1 promoter which is activated during hematopoietic specification in the embryo and later on in definitive HSCs [33, 34] . Initiation of P1 activity appears to be controlled by the loss of promoter methylation and by enhancer regions located in the first intron between P1 and P2. Interestingly, HOXB4 was shown to physically bind to the P1 promoter in mouse ESC-derived CD41+ cells, in vitro (EBd6/OP9d6 and EBd6/OP9d11). Its presence was accompanied by a decreased binding by the maintenance DNA methyltransferase DNMT1 and an increased occupancy by acetylated histone H3K9Ac which marks transcriptionally active chromatin, as shown by chromatin immunoprecipitation experiments [35] . However, whether selective demethylation of the P1 promoter is a cause or consequence of HOXB4 binding has not been clarified yet. Within the dorsal aorta Runx1 expression in vivo is tightly controlled by the local environment with subaortic mesenchymal cells being crucial for inducing its basal expression [36] . This interaction obviously confers hematopoietic competence to a subset of endothelial cells, which become the HE. Activation of a somitic Wnt-FGF-NOTCH signaling axis plays an essential role in mediating induction of Runx1 expression, as has been mainly shown in the zebrafish model [37] [38] [39] [40] . During early, non-cell-autonomous hematopoietic specification, Wnt16 is required for inducing somitic expression of the Notch-ligand dlc (the DLL3 orthologue of mammals), with FGF acting as a critical relay within the somites. Without dlc induction mediated by FGF signaling in combination with upregulation of dld (the orthologue of mammalian DLL1) by a hitherto unknown pathway, Runx1 induction is abrogated [39] . HOXB4 appears to, at least in part, promote hematopoietic specification during this non-cell-autonomous stage by upregulation of a secreted modulator of Wnt signaling, FRZB [41] . How signals from the somites are then relayed to the endothelial precursors of hematopoietic cells is not clear yet, but activation of bone morphogenetic protein (BMP) signaling as a consequence of local FGF signaling inhibition appears to be essential [38] . During ESC differentiation in vitro, suppression of FGF signaling mediated by HOXB4 also appears to promote hematopoietic progenitor formation, as we have previously shown [5] . During the final, cell-autonomous phase in HE cells, activation of NOTCH1 is essential, where it induces the expression of Gata2, together with the transcription factor RBPjκ/CSL [42] . GATA2, in turn, binds to the HE-specific +23 intronic enhancer element of Runx1 in a complex containing SCL1, LMO2, and LDB1 to induce its expression [43, 44] . Moreover, GATA2 and RUNX1 directly interact in a higher order transcription factor complex resulting in a further increase of Runx1 transcription in an autoregulatory feed-forward loop [45] . Ultimately, the concurrent presence of both GATA2 and RUNX1 is necessary to induce EHT and early HSPC formation [46] . Based on our results, one can envision that HOXB4 physically participates in this complex and, by this, promote increased expression of Runx1. However, if this is the case and how the binding of HOXB4 leads to further upregulation of Runx1, remains to be answered.
In summary, we have demonstrated that ectopic HOXB4 expression promoted the upregulation of Runx1 expression which, in turn, is tightly correlated with the generation of multipotent hematopoietic progenitors. Elucidation of the underlying molecular mechanism(s) how HOXB4 controls Runx1 transcription at the endothelial-to-hematopoietic transition stage may allow the development of an alternative, drug-based strategy which mimics HOXB4 activity at this critical and rate-limiting developmental step [47] . Provided that our findings can be translated to the human system, these results will be of particular relevance for the development of improved protocols for directed hematopoietic differentiation of human iPSCs.
